SUMMARY: Food availability can affect larval survival directly through starvation and indirectly through the effects on larval growth rate, swimming performance and vulnerability to predators. In the present study we evaluate the effects of starvation on growth, nutritional condition and swimming behaviour of the Senegalese sole (Solea senegalensis) throughout ontogeny (8 to 14 days after hatching). Biochemical analysis (RNA/DNA ratios) and behavioural experiments (critical swimming speed, U crit ) were conducted on larvae reared under 3 feeding treatments: fed ad libitum, deprived of food for 48 hours and deprived of food for 96 hours. Growth was significantly affected by feeding treatment, while only slight decreases in RNA/ DNA ratio and swimming performance were registered. Late stage larvae of the three feeding treatments had slower critical speeds than the pre-flexion and flexion stages, which is probably related to the benthic lifestyle acquired by the species at the end of the larval period. These physiological and behavioural changes are in accordance with previous results, which show that flatfish larvae are more resistant to starvation than pelagic species and that they become less active later in development.
INTRODUCTION
Early life stages of marine fishes experience high rates of mortality, with serious implications on species' future recruitment. The two main mortality agents acting upon marine fish larvae are predation and starvation (Bailey and Houde, 1989) . These factors are not independent, as starvation leads to a decreased growth rate (Yin and Blaxter, 1986) , slower development (Kamler et al., 1990) and changes in behaviour (Sogard and Olla, 1996; Chick and Van den Avyle, 2000) . Larvae with a low nutritional status will consequently be smaller, weaker and less developed with regard to sensory and locomotory capacities than well-fed larvae of the same age, thus being more susceptible to predation (but see Billerbeck et al., 2001) . For a variety of fish species (herring, hake, cod, flounder, anchovy, striped bass), it has been shown that starved larvae are more susceptible to predation than fed larvae (Bailey, 1984; Neilson et al., 1986; Yin and Blaxter, 1987; Booman et al., 1991) . Several studies indicate that high larval condition can be correlated with increased growth rate and enhanced recruitment or juvenile survival under natural conditions (Searcy and Sponaugle, 2001; Sponaugle et al., 2006) , but few attempts have been made to correlate larval condition with any behavioural function critical for larval survival, such as swimming behaviour (e.g. Laurence, 1972; Yin and Blaxter, 1987; Chick and Van den Avyle, 2000) . Swimming performance is a central determinant of the fitness of fish, determining to a large extent the success of predator avoidance, prey capture and dispersal potential (Reidy et al., 2000; Armsworth, 2001; Plaut, 2001) . Larvae in better condition may reveal greater swimming abilities and responsiveness to predators than larvae in poor condition (Chick and Van den Avyle, 2000; GrorudColvert and Sponaugle, 2006) . Nucleic acid analysis is an acknowledged practical tool for studying recent overall nutritional condition and growth of larvae and young fish, as well as their responses to environmental variability (e.g. Clemmesen et al., 1997; Chícharo, 1997; Buckley et al., 1999; Caldarone et al., 2003) . Specifically, RNA/DNA ratio reflects variations in protein synthesis rates: the quantity of DNA in an animal somatic cell is believed to be normally stable, but the quantity of RNA primarily associated with ribosomes is closely related to the rate of protein synthesis. RNA/DNA ratio has been shown to respond to changes in feeding conditions and growth in periods as short as one to three days in a variety of fish species and is a valid and reliable growth rate estimator (Rooker and Holt, 1996; Buckley et al., 1999; Gwak and Tanaka, 2001 ).
The present study was undertaken to examine the effect of starvation on growth, nutritional condition and swimming behaviour of laboratory-reared Senegalese sole (Solea senegalensis) throughout ontogeny, up to the beginning of metamorphosis, when larvae acquire a benthic life mode. We conducted laboratory experiments assessing the critical swimming speed of larvae reared under three feeding treatments (fed ad libitum, deprived of food for 48 hours and deprived of food for 96 hours) and examined their growth and nutritional condition, measured as RNA/DNA ratio.
MATERIALS AND METHODS

Larvae
Recently hatched larvae of S. senegalensis, 4 days after hatching (DAH), were obtained from the Aquaculture Research Station of the National Institute of Biological Resources (INRB-IPIMAR) in Olhão, southern Portugal. Larvae were randomly distributed in five 20-L aquaria, at a density of 100 larvae L -1 . Aquaria were filled with filtered seawater, with constant slight aeration and a photoperiod of 12L:12D. Salinity was maintained constant at 37 and the average temperature was 21ºC. Larvae were assigned to three feeding regimes: fed ad libitum, deprived of food for 48 hours and deprived of food for 96 hours. Larvae from the ad libitum treatment were stocked in one aquarium (Aquarium 1, Fig. 1 ) and fed rotifers from 4 to 9 DAH three times per day and Artemia nauplii from 6 to 14 DAH three times per day. Food concentration was maintained at a proper density to guarantee an ad libitum supply of food. The aeration in the tanks was turned off during feeding so that the larvae did not lose extra energy on capturing prey. Larvae were fed at least 1.5 h before experiments were conducted. Larvae from the two starvation treatments were randomly distributed in four aquaria (Fig.  1) . Each of the four aquaria provided larvae for both short and long starvation treatments. Aquaria 2 and 3 supplied larvae twice for the short starvation treatment. After larvae had been collected for the long starvation experiments (at 11 and 12 DAH) the remaining larvae in aquaria 2 and 3 were fed once and left starving again for 48 h. Larvae fed ad libitum were tested from 8 DAH to 14 DAH; larvae from the short starvation treatment were tested from 9 DAH to 14 DAH, and larvae from the long starvation treatment were tested from 11 DAH to 14 DAH.
Experimental design
Larvae were carefully removed from the rearing tank using a small container, placed individually in large petri dishes and left undisturbed to allow them to recover from handling (Fuiman and Ottey, 1993) . After this period, larvae were transferred to the swimming chamber, one in each lane and allowed to acclimate for 5 min at a minimum flow speed of less than 1 cm s -1 . If any behavioural symptoms of stress, such as lying on the bottom or clinging to the sides, were observed after the acclimation period, the individual was removed and replaced by another fish. Water temperatures in the chamber during the study period varied from 21ºC to 23ºC.
Critical swimming speed
Critical swimming speed (U crit ) was measured using a swimming chamber, following the protocols of Stobutzki and Bellwood (1994, 1997) . The chamber was made of clear Perspex with 6 parallel swimming lanes, each 30 mm wide, 50 mm high and 180 mm long. A removable lid allowed introduction and removal of fish from the lanes. A strip of black tape on the top of the lid provided fish with a visual reference to maintain position in the flow, and a mesh screen was placed at the upstream and downstream ends of each lane to retain larvae. A section of flow straighteners, 40 mm long, was placed at the upstream end of each lane to minimize turbulence. Previous work demonstrated that at the typical U crit , water velocity was not significantly different between the centre of the lane and 5 mm from the wall (Stobutzki and Bellwood, 1997; Stobutzki, 1998; Fisher et al., 2000) . Experimental observations also confirmed that larvae did not show depth preference in the chamber. For details on the swimming chamber characteristics see Faria et al. (2009) . Maximum flow speed was 22 cm s -1 .
To measure U crit , water velocity was increased by approximately 1 cm s -1 every 2 min until the larva was unable to swim against the current for 2 min. Calculation of U crit followed Brett (1964) :
where U is the highest speed a fish was able to maintain, U i is the velocity increment, t is the time swum in the final velocity increment, and t i is the time interval for each velocity increment (2 min). After the test, fish were immediately put in liquid nitrogen and then stored at -80ºC for subsequent RNA/DNA analysis. The whole larvae were freeze dried and weighed before the biochemical analysis. This procedure was selected because heads and/or guts are often removed for further age and feeding analysis, and these tissues may influence the overall RNA/DNA ratio (Olivar et al., 2009) .
A total of 215 larvae were tested, though the number that provided useful data was lower (n = 161), as each individual did not always provide useful data for all the measured parameters.
Nucleic acid analysis
RNA and DNA were measured with the microplate fluorescent assay (MFA) of Wagner et al. (1998) . The MFA assay is a modification of the sequential fluorometric method of Bentle et al. (1981) , in which DNA and RNA in a single sample are determined sequentially by the addition of DNase and RNase, using ethidium bromide (EB) as fluorescent dye ( Caldarone et al., 2001) . Wagner et al. (1998) modified the sequential fluorometric method to the MFA with 96-well microtiter plates by adopting a sarcosyl extraction technique and eliminating the DNase step. The whole larvae were individually homogenized by sonication (3 pulses 50 A during 1 min) with cold sarcosyl extraction buffer. The volume of extraction buffer was 500 μl (0.5%). The samples were then shaken for 1 h at room temperature on a vortex mixer equipped with a multiple-vial head. Next, they were centrifuged (12 000 × g) for 15 min to separate insoluble larvae remains. The samples were diluted 1:10 with Tris buffer to reduce the sarcosyl concentration to 0.05%. In each run, duplicate 50 μl aliquots of supernatants of the samples and duplicates of 0, 0.6, 1.1, 1.7 and 2.3 μg ml -1 DNA standard solutions (l-phagus 0.25 mg ml -1 from Roche), 16s-23s E. coli RNA (4 mg ml -1 ), 0, 3.6, 7.3, 10.9 and 14.6 μg ml -1 RNA standard solutions (16s-23s E. coli 4 mg ml -1 from Roche) were transferred to Nunclon 96-well, black, round-bottom microplates. The average ratio of DNA and RNA slopes was 5.5±0.8, which can be used to compare RNA/DNA ratio results determined by other protocols (Caldarone et al., 2006) . EB solution (30 μl) was added to each well, and the plates were shaken gently at room temperature for 15 min. The EB fluorescence was then scanned on a microplate reader (Biotek synergy HT model SIAFRTD) with 360 nm (excitation) and 590 nm (emission) (first scan-total fluorescence RNA and DNA). Following the first scan, RNase solution (30 μl, 0.12 μg ml -1 ) was added to each well and the concentration of DNA was calculated directly by the standard curve. The concentration of RNA was determined indirectly by subtraction of DNA fluorescence (second scan) from total fluorescence (first scan).
Statistical analysis
Linear regression analyses were used to determine relationships among size (standard length, SL), age (DAH), RNA/DNA ratio and critical swimming speed (U crit ) for each feeding treatment. Normality was tested using the Kolmogorov-Smirnov statistic and plots of residuals, and predicted values were examined. The variables SL, U crit and RNA/DNA ratio were log 10 transformed to normalize data, but U crit was not nor- -Experimental design illustrating which aquarium (A1 to A5) supplied larvae to which feeding treatment and which ages. Black fishes represent larvae from the ad libitum treatment, grey fishes represent larvae from the short starvation treatment, and white fishes represent larvae from the long starvation treatment.
malized by any transformation. Large sample size and the plot of the residuals indicate that analysis of variance (ANOVA) and analysis of covariance (AN-COVA) were robust. To determine whether the slopes of the regressions of size on age differed among the feeding treatments, an ANCOVA was performed with size as the dependent variable, feeding treatment as the fixed factor, and age as the co-variate. Significant effects were further examined by Tukey's HSD multiple comparison tests. To examine the effect of interaction of feeding treatment with ontogeny (pre-flexion, flexion and post-flexion) on mean RNA/DNA ratio and mean U crit , two-way ANOVA were performed after testing for normality and homogeneity of variances. Significant effects were further examined by Tukey's HSD multiple comparison tests. The separate effects of feeding treatment and ontogenetic stage on RNA/DNA ratio and U crit were analyzed by one-way ANOVA.
To determine whether the slopes of the regressions of U crit on size differed among the feeding treatments, an ANCOVA was performed with U crit as the dependent variable, feeding treatment as the fixed factor, and size as the co-variate. The relationship between RNA/DNA ratio and U crit was evaluated by regression analysis and an ANCOVA was used to access the effect of feeding treatment on that relationship, with RNA/DNA as the dependent variable, feeding treatment as the fixed factor, and U crit as the co-variate. In all analyses the level of significance was ≤0.05. Notes on ontogenetic progress were made and SL was measured to the nearest 0.01 mm, using the Image J software (version 1.38). Before each photograph was taken, a transparent acetate sheet marked with a millimetre grid was photographed and used as a reference for each measurement in the image analysis software. All statistical tests were conducted using STATISTICA software (Version 6.0).
RESULTS
Effect of starvation on growth and RNA/DNA ratio
Growth in SL of S. senegalensis was significantly influenced by feeding treatment (F (2,157) = 29.61, p<0.0001). Larvae reared under the long starvation treatment were significantly smaller than larvae reared under the other two treatments (Fig. 2) .
RNA and DNA contents of 56 fish of the fed group, 66 fish of the short starvation group and 39 fish of the long starvation group were analyzed (Table 1) . The interaction between feeding treatment and ontogeny returned no significant effects (F (4,152) = 0.33, P = 0.86).
RNA/DNA ratio did not change with ontogeny (F (2,158) = 1.10, P = 0.33), and a long starvation period (96 h) was not enough to significantly decrease nutritional condition (F (2,158) = 2.02, P = 0.13).
Effect of starvation on Critical speed
A total of 161 larvae were tested in critical swimming experiments, of which 56 belonged to the fed group, 66 to the short starvation group and 39 to the long starvation group. Of these, 22 larvae of the fed group, 17 larvae of the short starvation group and 13 larvae of the long term-starvation group did not swim either because they were pre-flexion stages, incapable of swimming against the slowest tested current speed, or post-flexion stages, metamorphosing and settled to the bottom. These larvae were assigned a critical speed of 0 cm s -1 .
Critical speed of the fed and short starvation groups revealed a significant relationship with size (fed: F (1,54) = 7.12, P = 0.01; short starvation: F (1,64) = 10.96, P = 0.001), but no significant relationship in larvae of the long starvation treatment was registered (F (1,37) = 0.16, P = 0.69) ( Table 2) .
The interaction of feeding treatment with ontogenetic stage returned no significant effect on U crit (F (4,152) = 0.59, P = 0.67). Feeding treatment had no influence on U crit (F (2,158) = 0.13, P = 0.88), with performance ranging from 0 to 5 cm s -1 in fed and short starvation larvae, and 0 to 3.2 cm s -1 in long starvation larvae. Ontogenetic stage had a significant effect on mean U crit values (F (2,158) = 14.70, P<0.0001). Tuckey-test revealed that post-flexion larvae had a significantly slower swimming performance when compared to earlier developmental stages (Fig. 3) . The relationship between RNA/DNA and U crit did not change with ontogenetic stage (F (2,157) = 1.90, P = 0.15), and showed no differences between the feeding groups (F (2,157) = 2.09, p = 0.13) (Fig. 4) . Also, the regressions of RNA/DNA on U crit were not significant in any feeding treatment (fed: F (1,54) = 1.12, P = 0.29; short starvation: F (1,64) = 3.73, P = 0.06; long starvation: F (1,37) = 2.06, P = 0.16).
DISCUSSION
Effect of starvation on growth and RNA/DNA ratio
Starvation had a significant influence on growth of S. senegalensis larvae, with 96 h starvation larvae showing considerably slower growth than fed and 48 h starved larvae. Reduced growth rate caused by starvation will extend the duration of vulnerable ontogenetic stages, and as there are more potential predators for small larvae, starved larvae might suffer a higher cumulative rate of mortality (Cushing, 1975; Shepherd and Cushing, 1980) . Survival of starved larvae is then compromised. The results of nutritional condition, measured as RNA/DNA ratio, showed a slight decrease after 96 h of starvation. Latency has been demonstrated to be as short as 1-3 days in some fish species. Clemmesen (1994) reported that fed and starved herring (Clupea harengus) larvae (>10 d) could be distinguished only after 3 to 4 days. Other than that, it has been shown that flatfish larvae are more resistant to starvation (Clemmesen, 1987; Yin and Blaxter, 1987) than species with small eggs and yolk-sac larvae, such as Engraulis mordax (Lasker et al., 1970) , Paralichtys californicus and Hypsopsetta guttulata (Gadomski and Petersen, 1988) , and than species carrying larger yolk reserves, such as Clupea harengus (Blaxter and Hempel, 1963) and Ammodytes americanus (Buckley et al., 1984) . Richard et al. (1991) studied the effect of starvation on RNA/DNA ratio in Solea solea larvae and concluded that the time of beginning of starvation was an important factor. Larvae starved from the beginning of exogenous feeding showed a sharp decrease in the RNA/DNA ratio, and could be distinguished from fed larvae after 2 or 3 d of starvation. However, for larvae starved after days 5 and 10, the food deprivation interval must be longer to show a clear effect, and in juveniles starved on day 14 after metamorphosis, the RNA/DNA ratio was not significantly different from that of juveniles fed throughout the experiment (Richard et al., 1991) .
Despite studies on how larval condition affects behaviour, in particular swimming performance and escape response (Laurence, 1972; Yin and Blaxter, 1987; Chick and Van den Avyle, 2000; Grorud-Colvert and Sponaugle, 2006) , there are no studies on swim- Table 2 . -Summary of measurements of critical swimming speed (cm s -1 ) for S. senegalensis in the different feeding treatments: Number (N), size (SL: standard length), age (DAH: days after hatching), relationships between critical speed (U crit : log 10 transformed) and size (SL: log 10 transformed SL). Not significant p>0.05. ming behaviour and nutritional condition measured as RNA/DNA ratio. RNA/DNA ratio has been shown to respond to changes in feeding conditions and growth in periods as short as one to three days in a variety of fish species. It is a valid and reliable growth rate estimator that has been applied in numerous field assessments (e.g. Rooker and Holt, 1996; Buckley et al., 1999; Gwak and Tanaka, 2001; Chícharo et al., 2003) but has never been correlated with any behavioural function. In this study, RNA/DNA ratio did not correlate significantly with critical speed, which may be related to the high resistance to starvation and low swimming performance of S. senegalensis larvae. Nevertheless a trend of increase critical speed at high RNA/DNA ratios was observed.
Effect of starvation on Critical speed
Swimming abilities of larval fish are critical behavioural traits since swimming influences the capacity of larvae to find food, escape from predators and control dispersal (Stobutzki and Bellwood, 1994, 1997) . In order to determine the potential importance of swimming behaviour, it is fundamental to know how these abilities change during ontogeny (e.g. Leis et al., 2009a,b; Faria et al., 2009) . In the present study, a significant decrease in swimming abilities of post-flexion larvae was observed in the three feeding treatments, which implies an ontogeny-related effect. The lack of swimming or reduced swimming of larvae close to settlement is probably related to behavioural changes associated with a benthic lifestyle rather than a decrease in the larvae's ability to swim. These larvae were completing metamorphosis and resembled newly settled fish. Behavioural changes coupled with morphological changes are known to lead to variation in the general metabolism (Bergeron, 1982) and energy expenditure during later development, when flatfish larvae are less active (Blaxter and Staines, 1971) . Other studies have also related changes in swimming performance to developmental or ecological transitions (e.g. Dudley et al., 2000; Guan et al., 2008) , reporting an improvement in swimming performance until metamorphosis, after which improvements became slower. In disagreement with other studies Leis et al., 2006a Leis et al., ,b, 2007 Leis et al., , 2009a Faria et al., 2009) , we found no significant relationship between critical speed and size in any of the feeding treatments. This can be attributed to the small size range of tested larvae, or may be merely indicative of the poor swimming capacities of S. senegalensis larvae. Critical swimming speed recorded for Senegalese sole larvae in this study ranged from 0.4 to 5.0 cm s -1 (0.2 to 11.9 bl s -1 ) for the fed and short starvation group, and 0.4 to 3.2 cm s -1 (0.6 to 7.3 bl s -1 ) for the long starvation group. There are no data on critical speed of other Pleuronectiformes, but data available for routine speeds of Soleidae, Pleuronectidae and Paralichthyidae report values of 0.5 to 3 cm s -1 (Blaxter, 1986; Miller et al., 1988) , which are close to what we found in this study. These values are in agreement with the typical assumption that temperate fish larvae are poor swimmers. This assumption may be partly due to differences in water temperature. It is well known that temperature influences both the physiology of fish larvae and the physics of the hydrodynamic environment in which larvae are swimming (Fuiman and Batty, 1997) . Other than these, variation can result from morphological differences (Stobutzki, 1998; Dudley et al., 2000) . Most studies compare temperate clupeiform, gadiform, or pleuronectiform larvae (Blaxter, 1986; Miller et al., 1988) with tropical perciform larvae (Fisher et al., 2000 (Fisher et al., , 2005 Leis and Fisher, 2006) . For this reason, comparisons of swimming speed among taxa should take into account phylogeny, methodology, and developmental state.
No food deprivation-induced effects in swimming behaviour were found after a 4-d period of food deprivation, suggesting that there are no condition-related behavioural effects in critical swimming performance after 4 d of starvation. Regarding escape response behaviour, Skajaa and Browman (2007) also concluded that escape response rate of cod larvae deprived of food for 3 d was not affected. In contrast, Yin and Blaxter (1987) found condition-related behavioural changes, with the escape response rate showing a dome-shaped relationship with increasing duration of food deprivation: escape speed in herring (Clupea harengus) of different ages and newly hatched cod and flounder (Platichthys flesus) initially increased with increasing time of food deprivation, peaked when the larvae were close to the point of no return (when 50% of the larvae will die even when offered food), and subsequently decreased. The escape response rate has also been shown to have a negative relationship with increasing duration of food deprivation. Booman et al. (1991) reported a decrease in responsiveness of starved northern anchovy (Engraulis mordax) larvae to predatory attacks by adult anchovy. Chick and Van den Avyle (2000) examined the effects of feeding on routine swimming speed and responsiveness to simulated predator attacks of larval striped bass (Morone saxatilis) reared under high, medium and low prey treatments and found that larvae reared in the low-prey treatment had slower routine swimming speeds and shorter reactive distances and were less responsive to simulated-predator attacks. The effects of starvation were not evident until larvae had starved for several days. Results then suggest that susceptibility to starvation of fish larvae appears to be species-specific.
Overall, our results indicate that growth was significantly affected by feeding treatment, but only slight decreases in RNA/DNA ratio and swimming performance were observed after 4 days of starvation. These behavioural and physiological changes are in accordance with previous results, which show that flatfish larvae become less active later in development and are more resistant to starvation than pelagic species. In the future it will be imperative to have information on wild larvae in order to allow inferences of the observed behaviours to their ecology and life history patterns (Leis, 2006) .
